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SUMMARY

Yields and 2nergy spectra of nuclear fragments and mesons emitted from
antiproton cnnihilation at rest in carbon, bismuth and uranium targets have
been measured in experiments PS183 and PS177 carried out at the Low Energy
Antiproton Ring (LEAR), located at CERN in Geneva, Switzerland. Initial stud-
ies of PS183 data concentrated on the s;ectrum of neutrons and nuclear gamma—
rays emitted from antiproton annihilation at rest in uranium. This led to the
discovery of antiproton—induced fission. We have successfully completed a
measurement of the energy transfer by charged mesons to the nucleus. Combined
with our previous .neasurement for neutral mesons, the values are 119%59 MeV
and 455%50 MeV for carbon and uranium, respectively. Both measurements result
from experiment PS1&3.

This energy is manifest in two forms, namely energy carried away by nu-
clear ejectiles and excitation energy which is dissipated by neutrons and
gamma-ray emission. We have successfully developed software required to anal-
yze fission fragment and neutron data from experiment PS177. This will lead
to a better understanding of the division of energy between ejectiles and
excitation.

RESEARCH OBJECTIVES

Excellent progress has been made toward characterization of the yields and
energy spectra of charged and neutral elementary particles emitted from anti-
proton annihilation at rest in nuclei (carbon and uranium). These particles
include (charged) pions, kaons, protons, light nuclear fragments, and fission
fragments, as well as (neutral) gamma—-rays and neutrons. The purpose of this
research is to as accurately as possible enumerate the sources and amounts of
energy released in nuclei due to the annihilation process. These facts could
have an important bearing on the design parameters of an antimatter propulsion
system.

RESULTS OF RESEARCH

The data used in this analysis were taken by experiments PS183 and PS177
at the Low Energy Antiproton Ring (LEAR) at CERN in Geneva, Switzerland in
1986 (PS183) and 1988 (PS177)

Initial studies of PS183 data concentrated on the spectrum of neutrons and
nuclear gamma-rays emitted from antiproton annihilation at rest in uranium.
This lead to the discovery of antiproton—induced fission [1,2].
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More recent studies have been directed toward a thorough understanding of
the energy transfer to the nucleus and the degree of excitation of the com-
pound nucleus indicated by fission fragments (in the case of uranium) emitted
during the breakup of the nucleus. We have published results (3] on the en-
ergy transfer by neutral mesons (n%,7°,0% in the intranuclear cascade which
follows the annihilation of the antiproton. We found the neutral energy
transfer to be 28+43 MeV and 232%#33 MeV in carbon and uranium, respectively.
We have also published results on the energy transfer due to charged mesons
[4). Mr. Ellsworth Minor completed his Ph.D. thesis on this subject (Appendix
V). We find the energy transfer due to all mesons (neutral and charged) to be
119459 MeV and 45550 MeV in carbon and uraniuwz, respectively. Theoretical
estimates of the energy transfer in uranium are 380 [5] and 480 MeV [6], which
bracket our value.

Experiment PS177 also recorded data on the yield of charged fl..loun frag
mencs, as well as neutrons and gamma-rays which result from the decay of the
fragments, for bismuth and uranium targets. The emphasis is to try to under-—
stand the mass and energy distributions of the fragments, which contain infor—
mation on the excitation of the fissioning nucleus. In addition, the energy
and angular distributions of decay neutrons give insight into the angular
momentum involved in the process. We have (1) identified and reconstructed
fission fragments using a microchannel plate, parallel-plate avalanche detec—
tor arrangement; (2) measured very precisely fragment masses with a silicon
telescope detector; and (3) measured neutrons in scintillation counters. With
these technologies and related software successfully demonstrated, we find the
yield of neutrons to be large (13.3 on average) and the angular distributions
to be characterized by significant structure, suggesting large angular momen-—
tum and high excitation of the decaying fission fragment. A paper on this
subject is presently in preparation [7]. This work constitutes the Ph.D.
thesis of graduate student Bin Chen.

As a result of the discovery of fission with emission of large numbers of
neutrons, as well as charged pions and gamma-rays which are also capable of
inducing secondary fissions, we have been motivated to investigate systems
utilizing this new physics with potential applications to space propulsion.
This work has been sponsored since 1988 under a contract with the Jet Propul-
sion Laboratory, Pasadena, California. The method under study is called anti-
proton-boosted microfission, wherein antiprotons are used to ignite extremely
small (less than one gram) pellets of fissionable material. If the peliet is
infused with hydrogen, or other materials which can result in fusion, it is
possible for the fission burn to ignite fusion, resulting in a potentially
large gain for the system.

These computational investigations led us to propose to the 1991 AFOSR
Spring Initiatives Meeting a program of research at the Phillips Laboratory,
Kirtland AFB, using the SHIVA Star liner implosion facility. The proposal was
approved on March 28 for funding in FY92 and 93. The role of the Penn State
group is to provide a detailed program of measurements, to design and
construct a radiofrequency quadrupole for injection of antiprotons into the
compressed target, and to design and construct neutron detectors. Prof. G.A.
Smith was awarded a Summer Research Award, which he will use in residence at
Kirtland AFB, July 22-Sept. 27, 1991.

[1] A. Angelopoulos et al, Phys. Lett. 205B, 590 (1988) (Appendix I).
Phys. A331, 519 (1988) (Appendix Il).

(2] T.A. Armstrong et al,
[3] T.A. Armstrong et al, Phys. A332, 467 (1989) (Appendix III).

Z.
Z.
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We have observed a large yield (5.77 20.16/ann.) of neutrons from antiproton annihilation at rest in a thin uranium target.
Significant components of fission, evaporation and direct neutrons comprise this total. The large fission yield (2.50+0.10/ann.).
as well as the high temperature {94 + 10 MeV) of the direct component, have not been anticipated in the intranuciear cascade

model.

We have performed an experiment at ihe low en-
ergy antiproton ring (LEAR) at CERN to measure
the spectra of charged and neutral particles emitted
from antiproton annihilation at rest in a uranium tar-
get. The purpose of the experiment was to explore in
detail teatures of the intranuciear cascade ({NC) in-
itiated by the anuproton annthilation and the subse-
quent burst of plons within the nucleus. In INC
models the antiproton captures in a high atomic state
(n=10,2=9%0rn=9, 2=8), cascading down to lower
tevcis wilere it annihilates on the fringes of the nu-
clear surface. Some of the annihilation pions pene-
trate the nucleus, producing high ¢nergy nucleons by
nIN scattering, and lower energy nucleons by evapo-
ration from the heated nucleus [ 1-4]. In this paper

Work supported in part by the Greek Ministry of Rescarch and
Technology.

° Work supported in part by the 1S Air Force and Natonal
Science Foundation.

Work supported 1n part by the US Department of Encrgy.
Work supported in part by the Federal Ministry for Rescarch
and Technology, Fed. Rep. Germany

-

we present first results on neutron spectra in the range
1-120 MeV kinetic energy. An unexpected result has
been the observation of a large fission component and
a high temperature, direct knock-out process. Results
on charged spectra will be presented at a later time.
ihic aetector ({ig. 1) nas been described in detail
in previous papers [5]. For this experiment a cylin-
drical proportional chamber (CWC) with a sohd an-
gle of ~95% of 4x steradians was installed around
the target to aid in the measurement of the multiplic-
ity and direction of charged particles. In addition, four
NE110 piastic ncuwoa Sounicis (M1 I101) were
placed behind the N drift chambers (NDC), and a
piece of natural uranium replaced the liquid hydro-
gen/deuterium target near the intersection of the
beamline and magnet centerline. The LEAR beam
was degraded from 350 to 250 MeV /¢ before striking
the target, which was a disk 2 mm thick and 35 mm
in diameter. The target was rotated 45° around a ver-
tical axis, and based on vertex profiles from the drift
chambers and CWC stopped ~ 35% of the beam.
The present analysis includes only ncutron events

590 0370-2693/88/$ 03.50 © Elsevier Science Pubiishers B.V.
(North-Holland Physics Publishing Division)
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Tig. 1. PS183 spectrometer at LEAR. For this cxperiment the LH; target was replaced with a thin uranium target (see text) neas the

imtersection of the beam'ine and magnet centerline.

accompanied by a charged particle which penetrated
the full spectrometer, intercepting the P drift cham-
bers (P-tracks). Event read-out was triggered on a
single P-track, the rate for which was ~ 10 s~' at an
incident antiproton rate of ~10* s~'. The neutron
counters were each [00 cm long x 20 cm highx 10 ¢cm
deep, placed 79,93, 107 and 121 ¢cm respectively from
the target. Each counter was rcad out with two RCA
5-inch Quantacon photomultiplier tubes. The dis-

criminator thresholds were calibrated at 400 keV
electron equivalent (~ 1.3 MeV proton equivalent)
energy with a Co®” source. Pulse heights and timing
resolution (1.5 ns FWHM) were calibrated using
monoenergetic pions from pp—n*n~ events pro-
duced in the hydrogen target. The maximum time de-
lay was 62 ns, corresponding to a minimum energy
neutron detected in (N1) of ~0.9 MeV kinetic

energy.
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_ Neutrons were required to fire at [cast one counter
after a delay of 1.5 ns relative lo the expected arrival
time of a = | particle, Gamma-rays were identified
by a prompt signal ( < 1.5 ns) in or or more sequen-
tial counters, Charged tracks were rejected by a hit in
the T counter and a reconstructed track in the NDC,

The individual I1¥]=N3 TOF spectra are shown in
fig. 2. The figurc shows only events in which a single
neutron counter was hit, Prompt gamma-ray peaks
are seen, followed by.a broader distribution of neu-
trons, Because of the requirement that only a single
counter was hit, the gamma-ray peaks include only
low energy ($20 McV) Compton or pair-produc-
tion events, The falloff in the neutron yield from N1
to N3 is due to scattering and geometrical effects. As
N4 was closest to a ncarby shield wall which could
produce back-scattering, we have rejected any event
in which a neutron appeared in N4,
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Fig. 2. Neutron TOF specira for individual counters N1~NJ, Only
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gamma-ray peak have been multiplicd by the indicated fraction,
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We have investigated two possible sources of back-
ground in these spectra, First, neutrons may be pro-
duced by charged particles hitting the apparatus
surrounding the target, This bas been confirmed by
observing neutrons from the hydrogen target, since
antiprotons annihilating at rest in hydrogen sre una-
ble to produce neutrons, The TOF spectra from hy-
drogen exhibit neutron yields per annihilation which,
on the average, are ~ 20% of those from the uranium
target. Using reconstructed trajectories of charged
particles from the drift chambers and CWC, we find
that 88% of the neutrons from hydrogen are associ-
ated with charged particles which hit the NDC sup-
port frames. The remaining 12% come from the RDC
and CWC frames, floor, etc., Background from the
hydrogen target itself is negligible. Tue final neutron
spectra from uranium have been corrected for this
background by subtracting, bin-by-bin, hydrogen
spectra normalized to the same number of annihila-
tions,

This procedure has been verified by corrécting in
an identical manner the spectrum of neutrons ob-
served with the deuterium target. We find this spec-
trum to be in good agreement, both in shape and
magnitude, with a published neutron spectrum from
pd interactions at rest [6], We have also fit this spec-
trum to the deuteron spectator wave function (7] plus

" a Maxwell-Boltzmann (MB) term to account for the

high momentum tail of the spectrum, including in this
fit the neutron counter efficiency based on an estab-
lished code [8]. A good fit is obtained with the yield
of neutrons corrected for solid angle equal to
0.49£0.04/ann., in good agreement with the expec-
tation of the naive spectator model (0.5).

We have also considered a second form of back-
ground due to neutrons from the uranium target
which scatter into the neutron detector from nearby
materials. Such neutrons can also produce gamma-
rays which simulate a neutron signal since they are
somewhat delayed relative 1o prompt gamma-rays
coming directly from the target, Using elastic and
inelastic neutron (and proton) scattering data {9),
we have simulated this process with a Monte Carlo
program. The resuits show that this background is
1 5% in magnitude and similar in shape compared to
the observed spectrum. Correspondingly, a down-
ward correction of 15% has been made to all final
neutron yields quoted in this paper.
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Fig. 3. Observed (uncorrected for neutron counter efficiency and
solid angle) neutron momentum specirum with charged particle
induced background removed. The curve isa fittoeq. (1),

We show in fig. 3 the observed (uncorrected for
neutron counter efficiency and solid angle) neutron
momentum spectrum with charged particle induced
background removed, as described above, We have
fitted the corresponding kinetic energy spectrum with
a two component (MB) function, each with a char-
acteristic temperature, plus a third term which ac-
counts for fission [10]. The three components are
designated 1s (1) direct (D), (2) evaporation (EV),
and (3) fission (F). The function which describes
the observed kinetic encrgy spectrum is given by

Y(E)=_(£' a, JEexp(~E/T,)

+apsinh (2 /EcE/Tg) E-/:/'l‘w)

Xe, (E) (AR2/4m) , (1
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Table |

Results of fits to eq. (1) with the P-track trigger. All Intensities
quoted here have been corrected for neutron counter efficiency
and solid angle [see eq. (1)}, as well as background (see text),
and result from integrating the fit functions from zero (o infinite
energy.

ap (no./ann) 2,00% 0.14
To (MeV) 938 102
agy (no./ann) 1,27 0.07
Tgv (MGV) 189 £ 1.6
ar (no./ann) 2.50¢ 0.10
Te (MeV) 2,50+ 027
Ly (MeV) 0.74% 0.10
x}/DF 23/33

where a,, ap arc intensities, T, Ty are temperatures,
Ep is the mean fission fragment energy per nucleon,
and ¢,(E) and (AQQ/4n) are the efficiency and frac-
tional solid angle of the neutron counter. Starting
values for the parameters Tp, Tev, Tr and Ep were
chosen to be 100, 12.8, 2.80 and 0.63 MeV respec-
tively. During the fit each parameter was allowed to
increase or decrease by up to a factor of two from its
starting value. A good fit was obtained, the result of
which is shown as the curve in fig. 3, with numerical
values listed in table 1,

We now turn to a discussion in our results. Of the
5.77£0.16 neutrons observed per annihilation, the
single largest component (2.50£0,10) is due to fis-
sion. Two other stopped antiproton experiments
[11,12] in uranium have reported evidence for fis-
sion. However, to the best of our knowledge this is
the first reported measurement of absolute yields of
fission neutrons per annihilation.

We also observe that our fission neutron yields are
larger for proton than pion triggers, The distinction
is based on a time-of-flight separation of P-tracks
which has been described elsewhere [13]. The yields
for proton (pion) triggers are 3.37+0.22 (2.34+0.15
for n*, 2.29%0.12 for n=) per annihilation, The
mean momenta for the trigger proton (pion) are 578
(397) MeV/c, the difference being due at least in part
to the low momentum acceptance cutoff of the spec-
trometer. The difference in fission neutron yields may
be related to this fact,

The number of fission neutrons per annihilation
(2.50£0.10) and mean fission fragment energy per

593
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nucleon (0.74£0,10) which we measure are consis-
tent with values [10] for fission induced by low en-
ergy neutrons [ ~2,4 MeV, ~0.5 McV respectively].
Our fission temperature (2,50%0.27 MeV) is some
what larger than values measured with low energy
neutrons (~ 1.5 MeV), but appears to be consistent
with the trend of values with increasing neutron en-
ergy (10]. We therefore conclude that our data are
consistent with stopped antiprotons producing fis-
sion ~ 100% of the time in uranium,

The second largest component (2.00+£0.11/ann.)
is associated with direct neutrons which are knocked
out of the nucleus by annihilation pions. It is impor-
tant to note that our temperature (9410 MeV) is
larger than that observed for protons emitted after
annihilation of 180 MeV antiprotons in bismuth
(69*7MeV) [14] and uranium (774 MeV) [1S].
This difference ( ~20 MeV) appears to have been
unanticipated in previous INC mode! calculations
[1-4].
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Abstract: We have observed low energy nuclear
ganma-rays, which we interpret as coaing from
fission fragments, from antiproton annihilacion
ac rest in . a uranium target. The high gamma-ray
and previously reported fission neutron tempera-
tures, as well as large relative neutron-to-gamma
ray ylelds, suggest a high level of excitation of
the fission fragments.
PACS: 23.2Lv; 25.85.Ce; 25.90.+k

In a recent paper ve reported on the firsc
observation of a large yield of neutrons
(5.77#0.16/ann.) froam antiproton annihilation at
rest in a natural uranium target [1]. Included
in the neutron spectrua {s a significant compon-
ent of low energy neutrons (2.50%0.10/ann.),
which we interpreted as resulting from anti-
proton-induced fission (AF). An unusual feature
of these fission neutrons {s their temperature
(2.50%0.27 MeV), which exceeds that of fission
neutrons produced in low energy neutron-induced
fission (LENF) by ~ 80%. This effect may be due
to the high level of excitation of the target
nucleus (and subsequent fission fragments) in-
duced by the antiproton annihilation, which has
been predicted to be several hundreds of MeV by
Iljinov &t al [2]. This calculation has success-
fully predicted the momentum distribution of
recoiling uranium nuclei measured by Bocquet gt
al [3], as reconstructed from fission fragments
observed in their detectors. To further explore
the fission process under these extreme condi-
tions, we have investigated the accompanying
gamma-rays which were observed as a peak in our
time-of-flight spectra (see Fig. 2 of ref. [1}]).

The gamma-ray pulse height spectrum has been
measured in the first two NE1l0 plastic scintil-
lacion counters (N1,2) in our apparatus at LEAR.
These counters, as well as the beam, target,
electronic trigger and charged-particle veto
systems, were described in ref. (l]. Camma-rays
weré idencified by a prompc signal (Jac| < 1.2

“Wock supported in part by the Air Force Office
of Scientific Research, Air Force Systems
Command, USAF under grant AFOSR 87-0246 and the
U.S. Nacional Science Foundation.

s)aerospace Engineering Department, Pennsylvania
State University.

ns) in either N1 or N2, and no hit in the T-
counter., We have estimated a fast neutron con-
tamination of 7% by extrapolating the time-of-
flight spectra into the prompt region. The re-
sultant pulse height spectrum is shown in Figure
1 (open squares).
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Fig. 1 - Pulse height spectra for: uranium (open
squares); simulated =9 - yy for uraniua (solid
curve); and the difference of the first two spec-
tra (closed triangles). %
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A significant background of gamma-rays is
axpected from =% = yy decays. In order to simu-
late this background, we have utilized the gamma-
ray spectrum taken with the liquid hydrogen Ctar-
get [1]. The only difference in conditions under
which the uraniums and hydrogen spectra were taken
was the targets. The uranium target represented
~ 508 of a radiation length of material, wvhereas
by contrast the hydrogen target was negligible
(< 18). Therefore, we have recomputed by monte
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carlo methods the hydrogen spectrum, including
effects of Compton and pair-production absorption
in the uranium target. The resultant, smoothed
spectrum s shown in Flg. 1 (solid line). We see
that above ~ 8 MeV the solid line and uranium
spectra are in agreement, consistent with the
hypothesis that gamma-rays from the uranium tar-
get' above this energy come exclusively from =0 -
vy decay. However, telow -« 8 MeV we observe an
excess of gamma-rays from uranium, seen in the
differences spectrum (closed triangles). Ve
atctribute these gamma-rays to de-excitation of
fission fragments, which we reiterate have baen
previously observed (1,3] with ~ 100% probabilicy
per antiproton annihilacion.
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Fig. 2 - Corrected fission spectra from uranium

for: AF gamma-rays (dashed curve); LENF gamma-
rays (dot-dashed curve); AF neutrons (solid
curve); and LENF neutrons (dotted curve).

In Flgure 2 we show the final gamma-ray en-
ergy spectrum (dashed curve), corrected for tar-
get absorption, N1,2 solid angle (AQ/4x = 2.4%)
and efficlency for the Compton process (which
rises from threshold at 400 KeV electron equiva-
lent, peaks at 55% at 1 MeV, and then falls to
25% at 8 MeV) {4], the T-counter charged-particle
veto condition (veto/ann. = 0.6), and fitted to a
single exponential of the form « exp {-E/T). The
integrated yield and temperature parameter (T)
are given i{n Table 1. For comparison, we show
(dot-dashed curve) the gamma-ray spectrum for
LENF [S], also ficted to a single exponencial,
with corresponding yield and temperature given in
Table 1. One can readily see that AF produces
about one-quarter as many gamma-rays, but each
gamma-ray is nearly seven times more energetic,
than those from LENF. Also shown in Fig. 2 is
the fission neutron energy spectrum from this
experiment (solid curve) (1], as well as che

T.A. Armstrong et al.; Nuclear Gumma-Ray Emission

fission neutron spectrum (dotted curve) for LENF
{3], again wich yields and temperatures summar-
ized in Table 1. As poinced out in ref. (1], one
sees that AF produces comparable numbers of fis-
sion neutrons, but each neucron is nesrly twice
as energectic, than those from LENF.

Table 1 - Yields and temperatures of neutrons and

gamna-rays from antiproton fission (AF) and low
energy neutron-induced fission (LENF).

Neutrons Gamma-Rays
No./fission T(MaV) No./fission T(MeV)
AF 2.50%£0.10¢ 2.50%0.27¢ 2.0%0.3¢ 6.0%1.0
LENF 2.5 1.40 7.9® 0.9%

b from ref. (1]

5 from ref. (S} :
¢) Integrated from zero to infinite energy and
corrected for fast neutron contamination.

The generally accepted explanacion of rela-
tive neutron gamma-ray yields from LENF i{s based
on statistical evaporation theory, modified by
angular momentum corsideracions to explain. the
somewhat larger than expected gamma-ray yields
{S]. For a fragment with a given angular momen-
ctum J, gamma-ray emission competes favorably with
neutron emission Lif the excitation energy E is
less than the sum of the neutron binding energy
and Eyu(J), the so-called "yrast" energy ([6].
In the case of LENF, E is apparently sufficiently
close to the yrast energy to ‘allow the yield of
gamna-rays to exceed rhat of neutrons by over a
factor of three. However, the situaction for AF
is reversed, namely the gamma-ray yield is
slightly less than the neutron yield. This is
consistent with E(J) for AF fragments being fur-
ther removed from the yrast energy that for LENF,
and the prediction that significant excitation is
transferred to the nucleus by antiproton annihil-
ation {2]. The higher level of excitation of the
fragments {s further supported by the higher
temperatures we observe for AF coampared to LENF.
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The energy transfer by pi-zeros in the intranuclear cascade initiated by antiproton annihi-
lation at rest in carbon and uranium has been measurcd to be 28+43 and 232+ 33 MeV
respectively. We estimate the total energy transfer due to all pions to be 75+ 53 and

447 +42 MeV respectively. The uranium value is ~17%

larger than a recent theoretical

prediction. No predictions for carbon are available. Given the expected increase in effi-
ciency of energy transfer from antiproton beams at ~3 GeV/c momentum, the prospects
for initiating multifragmentation and disintegration of heavy nuclei at these energies

appear good.

PACS: 13.75.Cs; 21.10.Dr; 25.90. +d

1. Introduction

In recent articles it has been shown that fission frag-
ments created in a uraniurn target by antiproton anni-
hilation at rest emit unusually energetic neutrons 1]
and gamma-rays [2]. Thus, through a special window
provided by the fission process, there is evidence of
residual energy E* transferred to the nucleus by the
intranuclear cascade (INC) generated by pions from
the annihilation process. Other features of the INC
have been reported, involving energy and multiplicity
distributions of prompt nucleons [1, 3-5], light nuclei
[5], pions and kaons {3, 6, 7], as well as heavy nuclei
in the form of residual mass distributions [8]. These
effects have been reviewed extensively, particularly re-
cently theoretically by Cugnon [9] and experimental-
ly by Guaraldo [10], and have been interpreted with-

* Work supported in part by the Air Force Office of Scientific
Research, Air Force Systems Command, USAF under grant
AFOSR 87-0246 and the U.S. National Science Foundation

** Aerospace Engineening Department. Pennsylvama State Uni-
versity
#** NSF Research Expeniences for Undergraduates (REUY Awar-
dee
w*** NASA Graduate Trainee, Pennsylvama State University

in the framework of several versions of the INC mod-
el.

As stressed by Golubeva etal. [11], the ability
of an antiproton to annihilate in nuclear matter,
thereby releasing as much as 2my of energy into the
nucleus, could possibly lead to the production of nu-
clei with residual energy E* comparable to their total
binding energy. Under these conditions, it 1s suggested
that multifragmentation and the ultimate disintegra-
tion of the hot residual nucleus may occur. Botvina
et al. [12] have calculated that for a heavy nucleus
(A x=200) with excitation of ~3 MeV/nucleon, one
should expect a breakdown of the nucleus into two
fragments with approximately equal masses (*quasi-
fission™) with one or two additional light clusters.
However, at ~5 MeV/nucleon excitation the “quasi-
fission” peak should melt down into a distribution
which monotonically falls off with A. This suggests
that a phase transition could be observed if ~600-
1000 MeV of energy were deposited within the nucle-
us, well within the upper bound of 2m, allowed by
antiproton annihilation. In this context. anticipated
results of measurements of residual mass yields from
targets with 4 =200 from recent LEAR experiments
will be extremely useful.
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The question of exactly how much energy is trans-
ferred by antiproton annihilation is essential to these
considerations. In the case of antiprotons at rest, the
annihilation takes place on the nuclear surface, result-
ing in a geometrical efficiency of ~28% for pions
to transfer energy to a uranium nucleus [13]. The
geometrical efficiency for in-flight annihilation is ex-
pected to approach unity with increasing antiproton
energy due to penetration of the nucleus before anni-
hilation. A recent prediction [9] for molybdenum
shows that a factor of ~5 increase in E* is expected
at ~ 3 GeV/c antiproton momentum compared to at
rest.

The measurement of the energy transfer can be
accomplished in two fundamental ways. First, one
may chose to sum up the measured energies of all
final state particles, apart from pions. This is difficult,
due to the fact that no one experiment has measured
full energy spectra and yields for all participants (nuc-
leons, light nuclei and heavy residual nuclei) in a sin-
gle nucleus, and attempts to sum over several different
experiments would lead to significant systematic er-
rors, We have, instead, chosen to measure the de-
graded energy spectrum of gamma-rays (and hence
pi-zeros, neglecting the 2.7+04% [14] and
2.7+0.9% [15] contributions from n—7y7 and”w®
— %y respectively), which when subtracted from the
spectrum of undegraded gamma-rays from a hydro-
gen target used in the same experiment gives the pi-
zero energy transfer directly.

2. Experimental Details

The experiment was performed with a magnetic pair
spectrometer at LEAR. Results on gamma-ray spec-
tra from a liquid hydrogen target over the range 50—
800 MeV have been published previously [16]. Hence,
the spectrometer and other detectors external to the
target will not be discussed here. However, the target
region was modified considerably [ 1, 2]. Two targets,
carbon and uranium, were cach exposed to ~ 10°
antiprotons, which were decelerated in a thin carbon
degrader from 350 to ~200 MeV/c before striking
the target. The uranium target was disk-shaped, 2 mm
thick and 35 mm in diameter, and was rotated ~45°
around a vertical axis to cxpose the thin dimension
to the spectrometer. The carbon target was rectangu-
lar, 5 mm thick by 20 mm wide by 50 mm long, and
again was positioned to cxpose the thin dimension
to the spectrometer. The liquid hydrogen target,
which was filled at this time with deuterium, was
moved downstream along the beam direction (X)) as
far as possible, permitting the nuclear target 1o be
positioned close tX = — 11 ¢m) to the magnet center

T.A. Armstrong et al.: Intranuclear Cascade of Pi-Zeros
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Fig. 1a and b. Elevation (X Y) profiles of anmhilation vertices for
a uranium and b carbon. Only events with 1Z = + 2 c¢m around
the nominal beam position are shown. Features of the targets and
thelr support structures, as well as the liquid deuterium target
(Mange, deuterium) are outlined. Beam counters S1,2ut X = —42um
are not shown

line (X =0). Montc Carlo calculations were made to
determine the gamma-ray acceptance for a source dis-
placed from the symmetry axis of the magncet.
Charged  particles reconstructed i the Jdnift
chambers [ 16] around the target were used to survey
the target and structures surrounding 1. In Fig. 1 we
show the clevation (X)) projection for annihilation
vertices reconstructed to be +2emoin Z around the
nominal beam position for the («) uramum and by
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Fig. 2. Beam direction (X) vertex proiiles of the carbon target ar-
rangement sclected by time-of-flight from beam counters S1, 2 to
the Q-counter behind the radiator. Events from carbon (a) and
deuterium (0) are indicated

carbon targets. One clearly sees annihilations in the
uranium and carbon targets (and the thin cylindrical
support structures which were coaxial with the beam
upstream of the targets). In addition, interactions are
seen in the flange on the upstream end of the vacuum
vessel which contained the deuterium-filled flask, as
well as in the deuterium itself. Interactions in the
flange and the deuterium resulted from antiprotons
which failed to hit the nuclear target due to scattering
in two beam counters S1, 2 (each 2 mm thick) located
upstream-at X = —42 cm (not shown in Fig. 1). The
two structures at X = — 1 cm and — 3 cm in the deute-
rium are due to antiprotons which were degraded
in one or both of S1, 2.

We have used signals from S1, 2 and the Q-
counter behind the lead converter in the spectrometer
to reconstruct by time-of-flight the X-coordinate of
the annihilation vertex. As an example, the profile
of reconstructed vertices for the carbon target is
shown in Fig.2. The carbon peak seen at
—122£X<£-102cm, resulting from a cut
At=1.5+0.6 ns, is cleanly separated from the deuteri-
um peak at —5£X<0cm (4t=92+0.6 ns). Only
a hint of the flange is seen at X = —9 cm. Similar
results were obtained for the uranium target.
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Fig. 3. Energy-weighted spectra of gamma-rays from liquid deuteri-
um (this expt. — a) and liquid hydrogen (Ref, 17 ---)

In order to cancel systematic errors when taking
differences of uranium-hydrogen and carbon-hydro-
gen spectra, we have chosen to use as a basis for
comparison deuterium data taken during the carbon
runs, In addition, our previous work [16] did not
include very low energy (<50 MeV) gamma-rays,
whereas they are included in the present analysis. We
show in Fig 3 the reconstructed energy-weighted
spectrum of gamma-rays from deuterium. The dashed
curve is taken from Adiels et al. [17], who have mea-
sured the gamma-ray spectrum from liquid hydrogen
in another experiment at LEAR. Each spectrum is
normalized to 3.8 gamma-rays per event as reported
in [17]. The agreement of the shapes of the two spec-
tra, as well as their mean values (E(GAMMA))
shown in Table 1, is good and confirms our recon-
struction of gamma-rays for the new target configura-
tion. For reasons of statistical accuracy, we hereafter
use the spectrum of [17] for comparisons wnth our
nuclear target spectra. :

3. Results

We show in Fig. 4 the energy-weighted spectra for
carbon and uranium from this experiment, as well
as hydrogen from [17]. One sees a systematic trend
for the uranium data to fall below the hydrogen data
by ~30% on the average. The carbon data are very
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Table 1. Summary of values of average number of gamma-rays per ahnihilation (col. 1), average energy per gamma-ray (col. 2), average
total energy of gamma-rays (col. 3) and energy transfer from pi-zeros (col. 4) for liquid deuterium, liquid hydrogen, curbon and uranium

targets. Unless otherwise indicated, all values are from this experiment

(M(GAMMA)) (E(GAMMA)) MeV (E(TOTAL)Y® MeV (E(TRANSFER))® MeV
Deuterium 38 198 +1 75244 -
Hydrogen [17] 38 194 737 -
Carbon » 3.62+0.22 196+ 1 709 +43 28+43
Uranium ) 2.73+0.18 185+ 505433 232433
Table 2. Summary of average numbers of pions per annihilation
3C - for carbon and uranium targets from this experiment
A CARBON
Mx*) M) (M(®))*
25 o URANIUM
T « Carbon 1.25+0.06 1.61+0.05 1.81£0.11
g | }}‘l HYDROGEN Uranium 105 £005 152005 136£009
S IR
Ewl )i W * One-half of (M(GAMMA)) values from Table 1
[
g RN
PN { T’T‘
§ 's b g' % i tance of the spectrometer. The average value of M
[t] ' \ . . . .
z 44 ?7} ﬁ& is constrained by the relationship
>~ h P
3 4 %34 3
£ 0 | # ‘ # IL%R (M>=3 (M), (2
P , '
= ! ‘ RN
ﬂ*%é““u% where (M) is an experimental observable. Equation
s | 3! ",#»‘ (1), eight in number for each species, and (2) are then
:l oLty solved for nine unknowns, including N(p) and {M ).
. I .
; ve Y] The values of (M(GAMMA)) for carbon and urani-
0 L L Mo, um shown in Table 1 have been determined by divid-
0 236 200 600 8co 1000

E(CAMMA) MeV

Fig. 4. Encrgy-weighted spectra of gamma-rays from carbon (this
expt. — A), uranium (this expt. — 0) and liquid hydrogen (Ref. 17 ---)

nearly the same as hydrogen. The spectra of Fig. 4
are summarized in Tablel. The quantity
(E(TRANSFER))® is defined as (E(TOTAL))}
—~(E(TOTAL))Y, where (E(TOTAL))°
=(M(GAMMA))+*{E(GAMMA)).

The absolute yield of gamma-rays, {(M(GAM-
MA)), was determined from measured yields of
charged particles, Y;(p), identified in the spectrometer
by time-of-flight [18], as well as the differential multi-
plicity of these particles, d M,/d p, which when inte-
grated over the particle’s momentum p and species
(i=e*, n*, K%, p and d) is the multiplicity, M, mea-
sured in the cylindrical wire chamber (CWC) [1] sur-
rounding the target. These quantities are related as
follows:

Y{p)=N(p)sd M/dpsAcc(p), (1)

where N(p) is the number of antiprotons which anni-
hilate in the target and A ¢c(p) is the calculated accep-

ing the number of observed gamma-rays for each tar-
get, corrected for acceptance and absorption in the
target, by N(p). This absorption was calculated to
be 2-3% (15-25%) in the carbon (uranium) targets,
averaged over all angless We note that

' (E(TRANSFER))° for uranium is slightly more than

cight times larger than that for carbon.

4, Discussion

In order to compare our results with predictions from
INC  calculations, we have  estimated
{E(TRANSFER)) *:° from all pions by using values
of (M) for n%-° determined in this expcriment (see
Table 2), assuming that the ratio (E(n*))/{E(r") is
the same in the nuclear targets as in hydrogen. The
analysis of charged pion spectr~ will be published at
a future date, at which time this assumption will be
checked in detail. Wc note that our carbon values
of (M(n*))=12540.06 and (M(n~))=1.61+£0.05
are in exccllent agreement with previously published
valucs of Agnew ct al. [19] (1.35+£0.12, 1.50+0.10),
Bugg ctal. [20] (1.2240.02, 1.57+0.02) and Wade
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etal. [21] (1,19 £0.06. 1.53=0.07.. Our value of
M(r®)=1.81+0.11 1s ~2 standard deviations
larger than that from [(9] (1.15+0.20. The nearest
comparable measurement for uranium (M (7))
=1.05+£0.05 <M(m7)> - 1.52 = 06.05) 1s for lead from
[19](0.95+0.02, 1.49 +0.03).

By definition.

(E(TRANSFER)>*:"=1876.6 MeV
—{E(TOTAL)>:©, (3)

where

(E(TOTAL))*%=2{M(n®)) (E(GAMMA)>

+{M(n*)) CE(n*)), )
. _ (E{GAMMA)>, +
CEin=)), = <_E(G—AMMA)>H>*<E(R - (5)

and <E(n*)), =378 MeV [22]. Substituting from Ta-
bles 1 and 2, we find (E(TRANSFER)>*-°=75
+ 53 McV, 447 +42 McV for carbon and uraiium re-
spectively.

We have compared our uranium measurement
with the prediction of Jasselette et al. [13], who pre-
dict (E(TRANSFER)>*'° to be ~38) MeV, in ap-
proximate agreement with our value of 447 +42 MeV.
We note that the prediction can be made compatibie
with the measured value if the solid angle of the nucle-
us as seen by the antiproton at annihilation is in-
creased by approximately 36%. This suggests that the
atomic physics portion of the calculation may not
be completely understood. We are unaware of any
predictions for carbon, but note that the prediction
for the nearby nucleus oxygen from [13] of
~ 260 MeV is much larger than our measured value
of 75+ 53 MeV for carbon. Using the results of [19]
for carbon, we calculate (E(TRANSFER))>*:° to be
430+ 206 MeV. Unfortunately, the error on this value
makes it compatible with both our measurement for
carbon and the prediction for oxygen.

5. Conclusions

We have measured the energy transfer by pi-zeros
in the INC by antiproton annihilation at rest in car-
bon and uranium. Extrapolating to all pions, we esti-
mate (E(TRANSFER))*-° to be ~17% larger than
the prediction of [13] for urantum. A similar estimate
for carbon is in disagreement with a prediction for
oxygen [13]. Unfortunately, to the best of our knowl-
edge no predictions for carbon are available in the
literature.
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These results indicate thuat one may cxpect sub-
stantiadly increased energy transfer at higher antipro-
ton momenta involving heavy nuclel. Using estimates
for E* by lljinov et al. [23] and Cugnon et al. [24]
of ~ 180 MeV for lead, and scaling E* by a factor
of five to 3 GeV/c antiproton momentum according
to the estimate of [9] for molybdenum, one may ex-
pect E* to reach a value of ~900 MceV, or E*/A~4-
5 McV. Therefore, the prospects for observing multi-
fragmentation and disintegration of heavy nuclei
under these conditions seem good.
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Charged pion spectra and energy transfer following antiproton
annihilation at rest in carbon and uranium *
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The momentum spectra of charged pions following anti-
proton anninilation at rest in carbon and uranium have
been incasuied. This informaticn conplements our pre-
vious measurement of the neutral pion spectra. The total
charged pion multiplicity is 2.84+0.10 and 2.47 +0.09
for carbon and uranium, respectively, in good agreement
with recent INC model predictions of 2.96 and 2.48 for
the same quantities. However, structures predicted by
the model near 200 MeV/c and 300 MeV/c related to
delta-resonance production are not seen in the data. The
total energy transfers to the nucleus are calculated to
be 119+ 59 MeV (carbon) and 455+ 50 MeV (uranium).
The possibility of exciting multifragmentation with a p
beam impinging on heavy nuclei is discussed.

PACS:13.75.Cs; 21.10.Dr; 24.90. +d

1. Introduction

In a previous paper [1] we presented the yield and ener-
gy spectra of gamma-rays following the annihilation at
rest of antiprotons in carbon and uranium. Assuming
that the ratio of the average charged pion energy to
the average neutral pion energy is the same in nuclear
targets as in hydrogen, we were able to estimate the
total energy transfer to the nucleus following annihila-
tion. In this paper we preseny, for the first time, our
measurements of the charged pion spectra and energy
transfer without approximation.

These measurements also provide new information
on annihilation at rest in heavy targets and extend simi-

* Work suppotica i part by the Air Force Office of Scientific
Research, Air Force Systems Command, USAF under grant
AFOSR 87-0246 and the U.S. National Science Foundation

** NASA Graduate Trainee, Pennsylvania State University

*** Acrospace Engineering Department, Pennsylvania State Uni-
versity -

#*#* NSF Research Expenences for Undergraduates (REU)
Awardea

lar investigations which began in the 1950’s [2-7]. More
recent measurements at LEAR of pion spectra and mul-
tiplicities have been performed for a variety of target
nuclei, including carbon and uranium 8], helium and
neon [9], and nitrogen [10]. A recent review of :hcse
results and others has been presented by Guaraldo [11].
Theoretically, the effort to understand these measure-
ments has focussed primarily on development of the in-
tranuclear cascade model (INC). Using this model, pre-
dictions for pion spectra have been made by Clover et al.
[12], Cugnon et al. [13], Hernandez and Oset [14], and
Iljinov et al. [15]. Cugnon [16] has recently reviewed
theoretical developments in this regard.

As pointed out by Jasselette et al. [17], for antipro-
ton annihilation at rest on nuclear targets, the dissipa-
tion of the residual energy E* following the INC is char-
acterized by competi‘ion among various processes. For
example, in 238U, fi.sion is predicted to dominate and
evidence demonstrating this behavior has been observed
{18]. Using a statistical approach, Botvina et al. [19]
predict the breakup of the nucleus into a few heavy frag-
ments, when 1t acquires a residual energy, E*
4 =3 MeV/nucleon. Further, they note that the peax in
their residual mass distribution widens with increasing
residual energy, finally evolving, at E¥*/4=5 MeV nuc-
leon, into a distribution sharply peaked at A< 10 and
monotonically decreasing with increasing mass of the
fragment. Independently, Cugnon [16], using an INC
model, has predicted the onset of multifragmentation
phenomena for E*/4>3 MeV/nucleon. Critical to the
issue of multifragmentation, however, are the questions
of how much energy is transferred to the nucleus by
the intranuclear cascade and how thoroughly the energy
is thermalized. These points will be explored in this
paper, and the experimental conditions necessary to ex-
cite tne multifragmented state will be discussed.

2. Experimental details

The experiment has been described previously in a series
of publications providing dctails of the nuclear targets
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Fig. 1a, b. Momenta measured with the spectrometer vs. mass-
squared for uranium target events for (a) T-tracks and (b} P-tracks

and the detector which are the subject of this paper [1.
18, 2G7. The description here will consequently be brief.
except for unique features relevant to the present analy-
sis. Previousiy, we have shown preliminary results for
charged particles having sufficiently high momentum to
penetrate the entire length of the magnetic spectrometer
{P-tracks) [21]. In this paper, we also include those prons
incident on the magnet yoke (T-tracks) in order to lower
the momentum region studied to 100 MeV-c. To illus-
trate the quality of these tracks, Figs. | and 2 show the
momentum measured in the spectrometer versus the cal-
culated m? for T- and P-tracks in uranium and carbon.
respectively. Vertical bands corresponding to pions,
kaons, protons, and deuterons are clearly seen. Pions
and kaons are well separated for P(T) tracks below
~600(400) MeV/c. Contamination of kaons in the pion
samples is estimated to be =0.3(0.8)% above these
values.

The mass of a particle is related to parameters mea-
sured in the spectrometer as

, t+31)?
m—=p2((_32—)c2—1>, ()

where t and s refer to the measured time of flight and
path length between the A hodoscope and the D. E.
or P counter which the particle hits. A small correction
dt is calculated in order to account for the change in
the particle’s momentum over its path length due to dE
d x effects. The mass resolution can be explained in terms
of timing resolution (400 ps rms) and momentum resolu-
tion. The latter contains a compnnent due to spatial
resolution in the wire planes (860 um rms; and another
due to Coulomb scattering.

Using these parameters, the expected resolution in
m? at various momenta have been calculated. It is found
that timing dominates the mass resolution for pions and
kaons. For protons, spatial resolution (Coulomb scatter-
ing) dominates at low momenta, while spatial and timing
resolution are comparable at higher momenta. Projec-
tions of the uranium m? distributions are shown for dif-
ferent momenta intervals in Fig. 3. Gaussian curves.
computed using the resolutions discussed above. have
been superimposed for pions and protons, and for kaons
where the band is distinct. These curves explain the gross
features of the data except for the tails of the measured
distributions. These tails are due to the nature of Moliere
scattering, for which the Gaussian approximation is val-
id only near the center of the distribution.

The momentum measured inside the spectrometer
was extrapolated back to the annihilation point, using
the Bethe-Bloch formula [22], through the various mate-
tials between the target center and the spectrometer.
These materials comprised x0.18 X, for the carbon tar-
zet and x0.31 X, for the uranium target, the difference
being due to the target materials themselves. Once the
particle was identified, its true mass and measured mo-
mentum were used to obtain a velocity for Bethe-Bloch
calculations. In traversing this region. pions lost. on av-
erage, 10.8 MeV. For particles emerging on a trajectory
lying within or very near the plane of the target. the
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curves superimposed are predicted shapes based on timing and
momentum resolution. The momentum ranges are specified to the
right of each plot

track passed through as much as 2 cm of uranium and
this correction could be very large (= 100 MeV). Since
the annihilation point along the plane ~f the target was
not determined, the correction could not be accurately
established. Consequently, tracks which subtended an
angle smalier than 5.5° with the plane of the target were
discarded.
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Only events whose vertex was located between
X=-145 and X=~100cm, where X is along the
beam line, were accepted [1]. These limit assured that
spurious events emanating from the nearby materials
were rejected, resulting in a signal: background ratio
of x20:1 while accepting ~89% of the signal. The final
spectra were corrected for the acceptance of the spec-
trometer. A Monte Carlo analysis indicated that = 10%
of the pions decayed in flight via n* - u*v and could
not be resolved in the detector, but no appreciable
change to the apparent pion momentum spectra was
observable in the momentum range studied (100-
1000 MeV/<). The technique for normalizing yields is de-
scribed in [1].

3, Results

In Table ]| we show our measured multiplicities for
charged pions and photons, as well as measurements
for hydrogen [23-25]. Relative to our previous determi-

4.4%, smaller due to an unforeseen correction for absorp-
tion in the target. For the most part, the photon multi-
plicity results from the decay n°—yy, although small
contributions are also present from n—vy (2.7+0.4%
per annihilation) [26] and w® - n°y (2.740.9% per an-
nihilation) [27]. No corrections have been made for these
contributions in caiculating (M {n%)} = $ {M(7)>. Hydro-
gen values have been included in order to demonstrate
the effect of pion absorption in the nuclear environment.
All muluplicities, with the one exception of =~ where
the multiplicity increases slightly in going from hydrogen
to carbon, are seen to decrease with increasing target
mass, consistent with absorption effects within the target
nuclei. The neutral/charged ratio is also constant to
within 5% for all targets.

For annthilation on a proton compared to that on
a neutron, the ratio

Re = CMED
MT UMD+ M)

(2)

1s predicted to vary by only 5% (28]. Experimentally,
one may use data for annihilation on neutrons and pro-
tons in deuterium [29] to check this prediction. If one
assumes that the energy spectra of all pions are similar
in shape, R, =1.15+0.03 for pn annihilations and
1.22 +0.02 for pp annihilations. Since nuclei are mixtures
of protons and neutrons, it is expected that R,, will vary
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Fig. 4. Charged pion muitiplicity versus the cube root of the mass
number. [n addition to our data, the following references are used
hydrogen (10, 23, 31], deutenium (10, 34], carbon (5, 32, 33]. nitro-
gen [10], titanium {323, nuclear emulsion [2-4, 6. 7. 23] tantalum
[32], lead [32]. Solid circles: our data: Open ciccles: other data

even less for such targets. We calculate, for deuterium,
carbon, and uranium, respectively, Ry, =1.19+0.02,
1.22+0.09, and 1.10+0.09. These numbers agree within
errors and place limits on effects due to charge exchange.
as discussed in [10], and escape of excess neutral pions
due to resonance formation (7, w) [30]. The excess pro-
duction of n%s, relative to deuterium. is 0.7 +2.7% for
carbon and -1.6 +2.8% for uranium.

We compare our results to previous work in Fig. 4.
where the total charged multiplicity i1s plotted against
the cube root of the mass number of the target. Results
from thirteen separate experiments [2-7, 10. 23, 31-34]
are contained in this plot, some of which have been aver-
aged into single data points. The agreement between our
results and the other experiments is excellent. For neutral
data, which are not suown in Fig. 4, we note that our
measurement of (M(n"))>=173+0.11 for carbon 15
xtwo standard deviations larger than that from Agnew
et al. {5]: 1.15+0.30. To the best of our knowledge. no
comparable measurement is available for uranium.

Figure S shows our measured momenta spectra for
n* and n~ for the two targets, uranium and carbon.
Also plotted are n* spectra from McGaughey et al. [8]
for the same targets, after interaction with 608 MeV ¢
antiprotons. The increased absorption for the inflight

Table 1. Total charged and neutral pion multiplicitics. Hydrogen data are from [23-25]. Neutral data for carbon and uranium are
from [1] It 1s assumed that /M(z%)) = M (7). The irse errors quuicd ate siausuva, tiie second systematic

Target M)y MinT) CMnYy MDD Mn®y: Mz
Hydrogen 1.52+0.06 1.52+0.06 304 +0.08 380+0.24 190+0.12 194014
Carbon 1.25+0.01 1.59 +0.01 284 +001 3146 +007 173+004 4372004
+0.06 +0.08 +0.10 +0.21 +0.10 +{ 18
Uranium 0.99 +0.0] 1.48 +0.01 2474001 2734006 1.16+003 IS4 +003
+0.05 +0.08 +0.09 +.18 + 009 +0 13
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data results from the deeper penetration of the antipro-
ton prior to annihilation and consequently greater inter-
action of the generated pions with the nuclear matter
[17, 35]). The difference in the areas of these two sets
of n* data is greater for the much larger uranium nucleus
(301 7%), but is still quite significant for the carbon tar-
get (18 +8%).

Also shown on Fig. 5 are the results of an INC model
due to Hernandez and Oset [14]. The comparison here
is for the =~ spectra only. On average, agreement be-
tween the model and the data is good. For all pions
we find (M (n*%)) =4.574+0.16(carbon) and 3.84 +0.13
(uranium), as given in Table 1. The comparable INC re-
sults are 4.64 (for carbon, where the annihilation Las
been assumed to occur from the n=4, |=3 state) and
3.90 (for uranium, with annihilation from the n=9, [=8
state). Prediction and measurement are in agreement to
within 2%.

4. Discussion
a) The intranuclear cascade model

The excellent agreement between the measured and pre-
dicted total multiplicities does not extend to the shapes
of the spectra, as seen in Fig. 5. Two regions of disagree-
ment are apparent for cither target. Near 300 MeV/c
the INC model predicts a shoulder, due to delta-reso-
nance formation leading to pion absorption [14], which
is not seen in the data (x~). Also, near 200 MeV/c, the
INC predicts a sharp peak which is not seen. The popu-

" lation of the’latter region is enhanced in the INC model

by higher-momentum pions which have been degraded,
cither due to the afore-mentioned resonance scattering
or quasi-clastic scattering. For the region above
500 MeV/c, where quasi-clastic scattering is the principle
mechanism for pion interaction, there is excellent agree-
ment between the INC and the data, suggesting that
the latter mechanism is correctly implemented.

In order to check possible degradation of the spectra
due to the detector’s momentum resolution, we searched
for the kaon decay lines:

K*—=pu*y {236 MeV/c) (3)
and
K*—-x*x° (205 MeV/c). (4)

Events were selected for which the time of arrival of
the particle at the A counter was in excess of 7 ns. For
comparison, this time would be x4 ns. for a slow
(400 MeV/c) proton. This cut removes most events, but
not those for which a kaon comes to rest in the target
or surrounding material and decays. These events are
plotted in Fig. 6, which clearly shows two narrow struc-
tures due to these decays. Signals of this nature have
been reported for this detector earlier [36]. The 10 MeV/
¢ FWHM widths of these lines are much smaller than
the 100 MeV/c wide structures predicted near 200 and
300 MeV/c in the INC [14]. Thus, such features in the
data would not have been degraded by resolution effects.



5.
vl

'O
5

466

80 ~

. Ko =P Trere '
70~ 1

No. Evenls
»
[&]
-

»
Wk

i '

. ST VAN
SERTIEEY \?‘/‘ \H“
M°° // A NA ‘”
e - 80 20C 220 2‘0 260

Momentum  (MeV/c)

ﬁ;.‘.Momnmspectmmoldehyedpoamﬂnchnnnmm
and carbon

b) Energy transfer . -

The total energy released with each of the pion species’

is given by

(E(TOTAL))'=(M(x)) CE(x’), i=0, +, —, &)
where (M (7)) CE(7)) = {M(x°)) (E(x°)). By definition,
(E(TRANSFER))*°= 1876.6-;(5 (TOTAL)), (6

where the total annihilation energy is equal to two pro-
ton masses.

The average multiplicities and energies appropriate
to (5) are given in Table 2. The energy transfer represents
energy released in the antiproton-nucicon annihilation
which is deposited within the target nucleus through in-
teraction with escaping pions. We calculate this quantity
to be 119+ 59 MeV for carbon. For the more extensive
uranium nucleus, it is nearly three times as large,
455+ 50 MeV. Our previous estimates, which involved
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Fig. 7. Total energy yield (pet 10 MeV interval) of charged pions

for carbon (open circies), uranium {solid arcies) and hydrogen [23,
24] (dashed linc)

approximations from scaling pion spectra using hydro-
gen data, were 75 + 53 for carbon and 447 442 for urani-
um. The effects of energy transfer from charged pions
are clearly seen in Fig. 7. A similar plot for neutral pions
was published previously [1]. For uranium, Jasselette
etal [17] give (E(TRANSFER)) %2380 MeV, slightly
smaller thea our value. Hernandez and Oset [14] predict
a value of 480 MeV, which expresses in a compact way
the overall agreement between our data and their model.
For carbon, they provide two numbers [14], depending
on the atomic state from which the annihilation occurs:
271 MeV (n=3,l=2) and 217 MeV (n=4,]=3). The
smaller of these numbers is nearly two standard devia-
tions larger than our measurement.

Greater beam energy leads to greater penetration
depth in the nucleus and consequently greater interac-
tion of generated pions within the nucleus, thus resulting
in a larger energy transfer. The effect is seen even as

Table 2. Mcan charged pion and ncutral gamma multiplicitics and energies, total energy and energy transfer. Hydrogen data are from

[23-25]. Neutral data for carbon and uranium are from [1]

Target Mo» <EOD M(x*)) CE@=*) CE(TOT)) (E(TRANS))
Hydrogen 3.80+0.24 19442 3.04+0.08 39542 1938 £ 57

Carbon 3464022 196 +2 284+0.10 380+2 1758 £ 59 119459
Uranium 273+0.19 18412 2471009 312+2 1422+ 50

455+ 50
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low as 608 MeV/c. Using the data of [8] with multiplici-
ties provided in [30], we calculate (E(TRANSFER))
=471+ 126 MeV for carbon and 871 + 84 MeV for ura-
nium. In deriving these quantities, we have assumed that
the ratio of neutral pions to charged pions is the same
as for hydrogen to correct for the presence of n%s. These
numbers represent an increase in the energy transfer by
a factor of 4.0+ 2.2 for carbon and 1.9+0.3 for uranium
relative to data at rest. For either target, very significant
increases in the energy transfer result from increasing
the beam energy.

¢) Multifragmentation

It is possible to estimate E*, the residual energy retained
by the nucleus following the fast intranuclear cascade
(which terminates after =107~ 23s). If the energy is ther-
malized. further evolution of the nucleus will depend
mainly on E*/A [16]. Our measurement of
{E(TRANSFER)) provides a first step toward the cal-
culation of E*, but lacks the correction for the energy
carried off by nucleons ejected during the cascade. A
number of publications have dealt with contributions
:~ this correction. In particular, we have measured neu-
tron spectra (18] from uranium. Markiel et al. [37] have
published measurements of low-energy protons and light
ions. McGaughey et al. [8] have measured protons fol-
lowing in-flight annihilations. Since none of these pro-
vides an inclusive mesurement, it is necessary to use an
INC calculation for W(EJ), the energy of nucleons
ejected by the cascade process. Jasselette et al. [17] have
calculated W(EJ)=274 MeV for uranium. Thus, E*=
(E(TRANSFER)> — W (EJ)x~ 181 (MeV = 0.8 MeV/nuc-
leon, which is well below the region where multifragmen-
tation is likely to occur.

In view of previously discussed energy transfers at
608 MeV/s (8], it is expected that E* would increase
with increasing beam momentum and consequently in-
creasing penetration depth inside the nucleus. Cugnon
[16] has used the INC model to show that E* scales
by a factor of five in *®*Mo as the beam kinetic energy
1s increased to 2 GeV. For an even heavier nucleus such
as uranium. this would impiy, from our measurement,
E*/A would be at least 4 MeV/nucleon, which is very
near the multifragmentation regime.

Inducing multifragmentation using high-momentum
antiproton beams is, however, a subject of some current
debate. McGaughey et al. [38], using a different INC
code [12], see no significant thermalization of the annihi-
lation energy for 1.3 GeV antiprotons on a nucleus of
atomic mass 100. They point out that primordial pions
generated following such annihilations have too large
an energy in order to immediately participate in 4-reso-
nance formation and absorption (N —+4, 4N - NN).
However, it is not clear from [38] how McGaughey et al.
have treated these high-momentum znN interactions in
detail. In this regard, it is worth noting that, in an article
by some of the same authors [8], there is considerable
disagreement between the model and the data for both
pions and protons in the high momentum region, with
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the model underestimating the measurement by as much
as a factor of five. Although different points of view exist
on the question of thermalization for beam energies of
1-2 GeV, the possibility of multifragmentation following
antiproton annihilation deep inside the nucleus seems
nonetheless intriguing. "

5. Conclusions

Our measurements, for the most part, agree with the
current theoretical understanding of the problem (the
INC model). The points of divergence are small, but non-
ctheless may be worth pursuing. It is not clear that these
models suffer from technical or fundamental uncertain-
ties, or both. Technical problems arise due to the com-
plexity of the many-body problem. Approximations are
made, for which the implications are not always clear.
These include such choices as limiting the number of
nucleons involved in the pion absorption process, choos-
ing one method of integration over another, etc. Unfor-
tunately, these technical questions are folded in with fun-
damental physics issues which one would like to solve.
These would include elucidating the magnitude and na-
ture of the optical potential and determining off-shell
cross sections.

The possibility of exciting multlfragmcntatxon has
been discussed. It would seem likely that increasing the
antiproton beam energy to ~2 GeV might provide us
with an observation of this intriguing possibility. How-
ever, at least one reference [38] argues that the pheno-
menom will not occur. An appropriate experiment might
thus serve two purposes: (1) assuming it were successful
and the multxfragmentatlor state were attained, it would
usher in a new and excitirg field of research; (2) in any
case it would clearly decide the most realistic of two
similar and yet somehow different INC codes, that due
to Clover et al. [12] and that due to Cugnon et al. [39].

The authors are especially grateful to E. Hernandez and E. Oset.
who provided unpublished calculations of multiplicities and mo-
mentum spectra for pions. Finally, we thank the stafl of the CERN
PS Division for their dedicated and sk:lll’ul operation of LEAR
during this experiment.
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Figure 4.6

Figure 4.5: Momentum vs. Mass-Squared for Carbon T-Tracks.
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Figure 4.7. Mormentum vs. Mass-Squared for Uranium T-Tracks.
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THE LEAR PS177 LOW ENERGY K™ DETECTOR *
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We have constructed and used a low energy, wide energy band, large solid angle K* detector in LEAR experiment PS177. In this
application, the detector is used to search for hypernuclear effects in association with fission induced in a uranium target by
antiproton annihilation at rest. We identify K* in the momentum range 250-750 MeV /c in a solid angle of 16% of 4= sr. The vyield
of K* is in good agreement with prediction$ based on a Monte Carlo simulation and previous measurements of inclusive antiproton

annihilation in uramum.

1. Introduction

LEAR expenment PS177 has observed delayed fis-
sion due to antiprotons stopping in thin uranium (1]
and bismuth [2] targets. Because the lifetime of this
effect approximates that of the free A% hyperon, it has
been suggested that the effect is due to a hypernuclear
state which, when it decays weakly (i.e. AN — NN),
induces fission. If this explanation is correct, the pro-
duction of this state must be accompanied by a meson
of strangeness plus one to conserve overall strangeness.
Thus. the observation of a K™ in coincidence with the
delayed fission would confirm the hypernuclear hy-
pothesis. Because the rate per antiproton for this pro-
cess is small (~107?%), an appropriate detector must
have large acceptance in both solid angle and energy. In
the following discussion we describe a detector, called
the Kaon Range Telescope (KRT), which was built and
used in a follow-on run of PS177, and satisfies these
criteria.

2. The kaon range telescope (KRT)

The KRT was designed to make a simultaneous
measurement of the direction, energy loss and lifetime
of the K*. The fundamental concepts utilized in the
design of the KRT were recognized many years ago,
albeit incorporated into smaller detectors with less cur-
rent technologies [3). A schematic drawing of the KRT
is shown in fig. 1. It is rectangular in shape, 100 x 100

* Work supported in part by the Air Force Office of Scientific
Research. Air Force Systems Command, USAF under grant
AFOSR 87-0246.

0168-9002 /90,/303.50 = Elsevier Science Publishers B.V.
{North-Holland)

x 50 cm’ in size, and comprised of 25 towers
(A, B, C, ) each of size 20 X 20 X 50 cm’. The front
face of the KRT was placed 45 cm from the target
behind one of the two parallel-plate avalanche cham-
bers (PPAC) used to detect fission fragments [1,2]. The
only significant materials between the target and the
KRT were the 4-mm thick aluminum backing of the
PPAC and a 20-mm thick aluminum vacuum box (not
shown). So positioned, the KRT subtended 16% of the
full 4 sr solid angle.

A schematic drawing of a tower is shown in fig. 2. It
is constructed of 36 acrylic scintillator [4] plates and 12
iron plates, which alternate every third scintillator plate.

™~
NN
P
PF’ACW \\\Iii///
g 32{\\\/ g
~ LN
1 ST T A
TARGET—/ S K\\///
245° /Ooc”' \/ L~ -0 o

Fig. 1. Isometric view of the KRT, showing its 25 towers, each

containing 4 cells. The front face of the KRT was 45 cm from

the target. Also shown is one of the parallel-plate avalanche

chambers (PPAC) used to detect fission fragmenis. Not shown
is the vacuum box surrounding the target and PPAC.
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Fig. 2. Cut-away isometric view of a tower, showing two

wavelength shifter bars (WLS) used for readout through

lightguides to photomultiplier tubes (PMT), and masks for
providing longitudinal segmentation.

Each scintillator plate is wrapped in 25-pm aluminum
foil for light tightness. The scintillator is read out
through wavelength shifter (WLS) bars [5] on each of
the four sides of the tower (for clarity, only two bars are
shown in fig. 2) to a plastic lightguide and Amperex
XP2230 photomultiplier tube (PMT). Each WLS bar is
mounted on a single 0.16-cm thick piece of G-10 board
at the front of the tower, which also provides light
tightness. Each tower is divided into four equal cells
(1, 2, 3, 4) of length 12.5 cm. This is accomplished by
placing 25 pm aluminum foil masks on each side of the
tower so that only one quarter of the tower surface (a
cell) can be read out (e.g. in fig. 2 cells A1 and A2 are
read out on the bottom and back sides of the tower,
respectively). In this manner longitudinal segmentation
is created.

The scintillator and steel stack was compressed in a
jig and wrapped in 25-pm aluminum foil, leaving an
opening on each side at the appropnate cell position to
match an opening on the WLS bar which was also
wrapped in aluminum foil. The jig was removed, and
the WLS bars were positioned and held in place with
tape wrapping. Each tower was inserted into an 0.08-cm
thick aluminum box, which was attached to the front
plate of G-10 and at the back end of the tower to a
1.27-cm aluminum plate, through which four holes were
drilled to permit access for the lightguides and PMTs. A
threaded rod attached to the backplate was tightened to
maintain the overail structural rigidity of the tower. The
adiabatic lightguides are constructed of six strips of
formed 0.64-cm thick lucite with polished edges. They
are terminated on a 5-cm diameter X 0.64-cm thick lucite
disk, which is glued to the PMT face with epoxy, and
wrapped in aluminum foil.

In summary, the KRT is comprised of 100 cells
which provide energy loss and timing information, as
ol as cozrzz roiling in three dimensions. Both the
scintillator aad iron serve as moderators, contributing

roughly equally to energy loss. The 50-cm thickness of
each tower stops kaons up to 750 MeV/c. In this
application, materials between the target and the KRT
render a low momentum cutoff of 250 MeV /c. A typi-
cal kaon deposits ~ 60 MeV per cell in the scintillator
as it ranges. A muon (or pion) from a stopped K™
decay (K*— p*v or n*n0) deposits ~ 50 MeV per cell.
On the basis of a previous measurement of 0.8 photo-
electrons per MeV for a similar scintillator of half the
linear dimension [6], ~ 20 photoelectrons per cell are
expected. The cell size was chosen so that a muon (or
pion) from a stopped K* decay (almost) always leaves
the cell in which the K* stops and hence is indepen-
dently recorded in adjacent cells. This provides a sig-
nature for K* decay, which is delayed on the average
by its lifetime of 12.4 ns.

3. Monte Carlo simulation
In order to simulate the performance of the KRT, a

large number of K* and n” tracks were created within
the solid angle of the assuming isotropic production and

(%]
(7]
o
T

300 !

Number of Events

250

200

100

or &

1 i A 1 ]
(¢} 200 400 §00 8co 10CC
K Mormentum Mev/¢

Fig. 3. Monte Carlo generated K spectrum (hustogram) for

antiproton-nucleon annihilation at rest, compared with a mea-

sured spectrum above 250 MeV /¢ (circles) for antiproton-ura-
nium annihilation at rest [8].
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Table 1
Chronological history of a typical K* decay (Monte Carlo) in
the KRT.

Cell Time Pulse height Early Late
[ns] [MeV)] (MeV] [MeV]

T1 42 51.5 X

Y1 4.6 75.9 X

Y2 5.1 56.0 X

T? 9.1 439 X

T3 9.5 45.5 X
Pulse height sums 183.4 89.4

momentum spectra from antiproton-nucleon annihila-
tion at rest [7}. To verify the appropriateness of using
these spectra for heavy nuclear targets, a comparison
was made with uranium data from LEAR experiment
PS183 [8] for momenta above 250 MeV/c. Although
limited by statistics in the case of K* (see fig. 3), the
comparison was found to be good overall.

Using these tracks, an algorithm was developed for
identifying stopped K* which decay in the KRT as well
as rejecting contamination from stopped w* decays
(m*—p"v) which live an average of 26 ns, or subse-

100

ns

Time Gap,

[+
[=]

60

40

20

H i L L
7S 100 125 150 175 200
Late Pulse Height, MeV

Fig. 4. Plot of the time gap versus late pulse height for Monte
Carlo simulated 7 * tracks stopping in the KRT.

quent p*— e*vi decays which live an average of 2.2
ps. Kaon and pion tracks were swum from the target
through the KRT. Energy loss was computed along the
path, including the 24 mm of aluminum in the PPAC
and vacuum walls of the fission fragment detector.
Multiple coulomb scattering effects were not included,
as the coarseness of the cell structure did not warrant it.
Time and pulse height signals from each cell were
recorded. A typical stopped K™ event is shown in table
1. The K™ arrives in the first cell at 4.2 ns, hits two
additional cells at 4.6 and 5.1 ns, then decays at 9.1 ns
with the decay muon subsequently hitting an additional
cell at 9.5 ns before leaving the KRT.

The event identification algorithm is structured as
follows. All hits are arranged in chronological order and
divided into two time groups, early or late. A discon-
tinuity in chronciogy of greater than 2 ns between
sequential hits, called a time gap, defines the boundary
between the groups. This is based on the observation in
the actual data that the rms width of pulses detected
from individual cells is typically 2 ns, which is due 0 a
combination of effects, including differences in propa-
gation time of light pulses in a detector of finite size, the
intrinsic response time of the scintillator and WLS to
charged particles, and statistics at the photocathode of

100

Time Gap, ns

80 -

60 -

: o 1 i : !
0 25 50 7 100 125 150 Te IT
Late Puise =egnt, Mev
Fig. 5. Plot of the time gap versus late pulse height for Monte
Carlo simulated K * tracks stopping in the KRT.
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the PMT. For example, the event of table 1 has three
early hits, two late hits, and one time gap. Pulse heights
for all cells in a time group are summed to distinguish
the energy of the K™ from its decay products, as
illustrated in table 1.

In figs. 4 and 5 we plot the late pulse height de-
posited in the KRT versus the time gap for n* and K™,
respectively. In fig. 4 the intense band at the left-hand
border is due to p* which stop in the KRT. The
remaining events scattered at larger pulse heights are
due to e* from p* decay. By contrast, the decay
products from K* decay (p*, w*) in fig. 5 are scattered
over a much larger area. Using this distinction to ad-
vantage, we define K* events as those with late puise
height > 25 MeV and 1 < time gap < 50 ns. With these
criteria, we successfully identify 1999 out of the original
6375 K* in the range 250-750 MeV/c (31%). Of the
remaining 4376, 2869 K* (45%) are undetectable since
they decay in flight, and 1507 (24%) stop and decay in a
surface boundary cell where the decay u* or =¥ moves
in an outward direction and is not contained. In this
regard, we note that 42, 32 and 8 cells have 1, 2 and 3
exterior boundary surfaces, respectively. In addition,
only 90 out of the original 188964 «* (0.05%) pass
these criteria, resulting in a contamination of 7.5% for a
97% 7*, 3% K™ admixture of track: [8].

!GOk

.

ns

Time Gap .,

75 200
Late Puise He:gnt, MeV
Fig. 6. Plot of the ume gap versus late pulse height for the
data.
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Fig. 7. Distribution of time gaps for events with late pulse

height > 55 MeV. A beam time accidentals rate of 10.3 per 2

ns has been subtracted. The solid line is the expected shape of
the decay curve for K™ with an average lifetime of 12.4 ns.

4. Results

The following results were obtained during an ex-
posure of a uranium target to stopped antiprotons at
LEAR dunng October 1988. To prepare for these data,
an approximate energy calibration for each cell was
obtained with cosmic rays. The high voltage of each cell
was adjusted so that the minimum ionizing peak corre-
sponded to 25 ADC counts, providing a dynamic range
of ~ 2000 MeV. Subsequently, during the run TDC
offsets were periodically adjusted by locating the prompt
peak in each cell for hits with > 10 MeV of energy
deposited. All events were triggered in coincidence with
two fission fragments detected in the PPACs [1,2].

In seeking to identify K* decays, all cells containing
> 1 MeV of energy were arranged in time order. Cells
with times earlier than 5 ns before nominal prompt
times, as measured by the arrival of fast pions. were
attributed to stray signals in the lightguides. Initially a
scan for time gaps exceeding 4 ns was made. If one or
more such gaps was found. the times and pulse height
sums for each group were recorded. If no ume gaps
were found, a scan was made for gaps between 1 and 4
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ns and data were recorded as above. An event was
allowed to contain up to 2 time gaps. Two tests were
imposed to eliminate events due to interactions of two
consecutive beam particles (beam accidentals). First, the
early time group was required to contain a hit in the
first layer, corresponding to a K* entering the KRT
from the direction of the target. Second, at least one cell
in the eaily group and one cell in the next time group
were required to be contiguous, corresponding to the
decay of a K*. To illustrate the need for these tests, at a
CW beam rate of 150 kHz, the counting rate in the
KRT resulting from any of ~ 12 particles (principally
pions, kaons, protons, gamma rays and neutrons) into
16% of 4m sris ~ 150 kHz. Therefore, the probability
of a beam accidental event with 1 < time gap < 50 ns is
~0.75%, to be compared with an anticipated (Monte
Carlo) K™ probability of 0.04%.

In fig. 6 we show a plot of the time gap between the
earliest and second earliest groups versus late pulse
height for the data. Three prominent features are seen
in the plot: (1) by comparison with fig. 5, K* decay
candidates are observed for large time gaps and large
late pulse heights; (7) by comparison with fig. 4, =*
and p” decays are observed for small late pulse heights;
and (3) events on the lower boundary due to interac-
tions of hadrons in the KRT (which were not included
in the Monte Carlo simulation) are observed. For exam-
ple, the probability for a pion and a siow proton from
the same event to interact in the KRT giving a 1 < time
gap <4 ns and satisfying the geometry and time tests
descnbed above is ~ 1%, to be compared with the
aforementioned expected K™ probability of 0.04%.

To extract the K* signal, the time gap distribution
for all events with late pulse height > 55 MeV has been
plotted and is shown in fig. 7. This cut eliminates ali =™
and p* decays as seen in fig. 4. A number of counts
equal to 10.3 has been subtracted from each 2 ns bin to

Table 2
Predicted number of K™ expected in this measurement.

1) Number of annihilations in coincidence

with 2 fission fragments recorded 1.25x10°®
2) Number of K* per annihilation # 0.020 +0.002
3) Solid angle of KRT /4n 0.16

4) Estimated efficiency of KRT (see text) 0.31+0.01
S) K™ lifetime correction for time gap cut

>10ns 0.45+0.01
6) Correction for late pulse height cut

> 55 MeV 0.80+0.02
7) Number of K~ expected

(product of factors 1-6) 446 + 49

a

number is the product of the K*/n~ ratio averaged over
the range 250-750 MeV /¢ (8] (0.021 +0.001), the =~ /anni-
hilation ratio {9] (1.52 £0.05), and the fraction of K* in the
range 250-750 MeV /c (see fig. 3) 0.64, in uranium.

correct for remaining beam time accidentals, seen as an
excess of events (not shown in fig. 7) for time gap > 35
ns. The solid line indicates the expectation due to the
K* decay, with a mean lifetime of 12.4 ns. A least-
squares fit to the data of fig. 7 in the interval 10-50 ns
gives a lifetime of 12.0 + 1.2 ns, in good agreement with
this value. Events below 10 ns are ascribed to the
hadronic interaction mechanism described above. We
have estimated the number of K™ expected, based on
the number of annihilations recorded, the number of
K* per annihilation from PS183 [8,9), the solid angle of
the KRT and efficiencies predicted by the Monte Carlo
discussed earlier. Table 2 provides a summary of this
information and estimates of the yields expected. We
find that the predicted value (446 +49) is in good
agreement with the measured value {436 + 25), indicat-
ing we have identified the expected number of K~.

5. Conclusions

We have constructed and used a wide energy band,
large solid angle detector which utilizes energy loss,
timing and tracking measurements to detect K™ decays
at rest. The efficiency for identifying K* produced by
stopped antiprotons annihilating in uranium entering
the detector in the momentum range 250-750 MeV /¢ is
found to be ~ 31%, as predicted by the Monte Carlo
simulation. For other applications, where low energy
K™ identification is required, it would appear that the
wide energy acceptance of the KRT would be especially
attractive compared to other techniques [10].
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